The mucopolysaccharidoses (MPS) are rare genetic disorders marked by severe somatic and neurological symptoms. Development of treatments for the neurological manifestations of MPS has been hindered by the lack of objective measures of central nervous system disease burden. Identification of biomarkers for central nervous system disease in MPS patients would facilitate the evaluation of new agents in clinical trials. High throughput metabolite screening of cerebrospinal fluid (CSF) samples from a canine model of MPS I revealed a marked elevation of the polyamine, spermine, in affected animals, and gene therapy studies demonstrated that reduction of CSF spermine reflects correction of brain lesions in these animals. In humans, CSF spermine was elevated in neuropathic subtypes of MPS (MPS I, II, IIIA, IIIB), but not in subtypes in which cognitive function is preserved (MPS IVA, VI). In MPS I patients, elevated CSF spermine was restricted to patients with genotypes associated with CNS disease and was reduced following hematopoietic stem cell transplantation, which is the only therapy currently capable of improving cognitive outcomes. Additional studies in cultured neurons from MPS I mice showed that elevated spermine was essential for the abnormal neurite overgrowth exhibited by MPS neurons. These findings offer new insights into the pathogenesis of CNS disease in MPS patients, and support the use of spermine as a new biomarker to facilitate the development of next generation therapeutics for MPS. † These authors contributed equally to the manuscript.
Introduction
Development of novel therapeutics for rare diseases faces many challenges, including the difficulty of assessing efficacy in clinical trials for which enrollment is limited by small patient populations, phenotypes are heterogeneous, and insufficient natural history data are available to define reliable clinical endpoints. Well-characterized biomarkers can play a critical role in this process by providing rapid objective evidence for the correction of underlying disease pathophysiology, which may in turn predict clinical benefit. Biomarkers can also directly link clinical data to outcomes in preclinical animal studies, and provide a basis for comparison to other established or experimental therapies.
The present study was designed to identify biomarkers useful for evaluating the response to therapies targeting the central nervous system manifestations of mucopolysaccharidosis type I (MPS I). MPS I is a rare recessive disorder caused by mutations in the gene encoding a-L-iduronidase (IDUA), a lysosomal enzyme responsible for the breakdown of complex polysaccharides called glycosaminoglycans (GAGs). MPS I is characterized by systemic accumulation of two GAGs-heparan and dermatan sulfate-that are normally degraded by IDUA. MPS I patients present with a constellation of clinical findings, many of which are directly linked to the mechanical consequences of GAG storage, such as cardiac valve thickening, liver and spleen enlargement, corneal clouding, and airway infiltration (1) . Patients with the severe form of MPS I (MPS IH, Hurler syndrome) also exhibit progressive cognitive impairment in early childhood. Intravenous enzyme replacement therapy has proven effective for treating many of the somatic symptoms of MPS I, but the enzyme likely does not cross the blood-brain barrier and has no impact on cognitive outcomes (2) (3) (4) . Hematopoietic stem cell transplantation (HSCT) performed in the first 2 years of life can attenuate cognitive decline by allowing bone marrow-derived precursors to differentiate into brain macrophages, which serve as a depot of secreted IDUA in the CNS (5) (6) (7) (8) (9) (10) (11) . However, HSCT is associated with substantial morbidity and mortality and does not fully rescue cognitive function, leaving an unmet need for a safer and more effective CNS-targeted therapy for MPS I.
In this study, we applied high throughput metabolite screening of CSF samples from an animal model of MPS I to identify potential biomarkers of CNS disease, which we then evaluated in MPS patients.
Results

Identification of elevated CSF spermine through metabolite profiling
An initial screen of CSF metabolites was carried out using a canine model of MPS I. These animals have a splice site mutation in the IDUA gene, resulting in complete loss of enzyme expression and development of biochemical, clinical, and histological features analogous to those of MPS I patients (12, 13) . CSF samples were collected from 15 normal dogs and 15 MPS I dogs, and evaluated for relative quantities of metabolites by liquid and gas chromatography coupled with tandem mass spectrometry. A total of 281 metabolites were positively identified in CSF samples. Of these, 47 (17%) were significantly elevated in MPS I dogs relative to controls, and 88 (31%) were decreased relative to controls (Supplementary Material, Table S1 ). Metabolite profiling revealed marked differences in polyamine, sphingolipid, acetylated amino acid, and nucleotide metabolism between MPS I and normal dogs (Fig. 1A) . Random forest clustering analysis identified the polyamine, spermine, as the metabolite most strongly differentiating MPS I from control samples (Supplementary Material, Fig. S1 ). On average, spermine was elevated 30-fold in MPS I dogs, with the exception of one MPS I dog that was under one month of age at the time of sample collection. CSF spermine elevation was similar for both sexes. An isotope dilution LC-MS/MS assay was developed to quantitatively measure spermine in CSF. Samples evaluated from MPS I dogs at one month and one year of age demonstrated a progressive elevation of CSF spermine relative to age-matched normal controls (Fig. 1B) . Heparan sulfate has been identified as a receptor for spermine uptake by cells, which suggests that impaired uptake in MPS I could be responsible for elevated spermine in CSF (14) (15) (16) (17) . Alternatively, the elevation could be explained by increased spermine synthesis; however, there was no evidence of upregulation of transcriptionally regulated enzymes in the spermine synthesis pathway in brain samples from MPS I dogs (Supplementary Material, Fig. S2 ).
CNS-directed gene therapy corrects brain storage lesions and reduces CSF spermine in large animal models of MPS I
We have previously described experiments evaluating intrathecal adeno-associated virus (AAV)-mediated gene transfer for the treatment of the central nervous system manifestations of MPS I (18) (19) (20) . In this approach, an AAV vector carrying the IDUA gene is injected into the CSF, allowing for transduction of cells throughout the brain and spinal cord. These transduced cells can then serve as a depot for secretion of the enzyme, which is taken up by the surrounding tissue to achieve widespread resolution of storage lesions. Our studies in two large animal models of MPS I-the MPS I dog and MPS I cat-demonstrated that this approach can globally reduce brain storage lesions. Here, we evaluated CSF spermine levels in treated animals to determine whether changes in CSF spermine correlated with correction of brain pathology.
Five MPS I dogs were treated with an intrathecal injection of an adeno-associated virus serotype 9 vector carrying the canine IDUA (cIDUA) transgene ( Fig. 2A) . MPS I dogs can develop antibodies to the normal IDUA enzyme, so two of the dogs were pre-treated as neonates with hepatic cIDUA gene transfer to induce immunological tolerance to the protein. Both tolerized dogs exhibited complete resolution of brain storage lesions and CSF IDUA activity above normal levels seven months after IT AAV9-cIDUA treatment ( Fig. 2B and C) . The three non-tolerized dogs exhibited partial resolution of brain storage lesions and varying levels of IDUA expression, with one animal reaching normal levels and the other two exhibiting expression below normal ( Fig. 2B and C) . CSF spermine reduction was inversely proportional to brain IDUA activity, with a nearly 3-fold reduction relative to untreated animals in the three dogs treated with the IT vector alone, and a 10-fold reduction in the animals tolerized to cIDUA (Fig. 2D) .
We further evaluated the relationship between CSF spermine levels and IDUA reconstitution in MPS I dogs treated with a range of vector doses (Fig. 2E) . MPS I dogs previously tolerized to human IDUA by neonatal hepatic gene transfer were treated with an intrathecal injection of an AAV9 vector expressing human IDUA at one of 3 doses (10 was dose-dependent expression of IDUA in CSF and correction of brain storage lesions ( Fig. 2F and G) . Reduction of CSF spermine was dose-dependent, with animals at the mid and high vector doses reaching the normal range, whereas spermine was only partially reduced in the low dose animals (Fig. 2H) . The MPS I cat carries a three base pair in-frame deletion in the IDUA gene, resulting in omission of an aspartate residue that renders the enzyme inactive. Like the MPS I dog, these animals develop extensive brain storage lesions. Intrathecal administration of an AAV9 vector expressing feline IDUA partially reconstituted enzyme activity in CSF, cleared brain storage lesions, and normalized CSF spermine levels (Fig. 2I-L) .
Elevated CSF spermine in MPS I patients and response to therapy CSF samples obtained from patients with MPS I (n ¼ 26) exhibited significantly elevated spermine levels compared to samples from unaffected children (n ¼ 21) (Fig. 3A) . Using a threshold of two standard deviations above the mean of control samples (98 th percentile), 1/21 control subjects was positive for elevated spermine, whereas 15/26 MPS I patient samples were positive (58%). In twelve MPS I patients, mutations were identified that have been previously correlated with disease severity and CNS involvement (21) . In the remaining patients, genotype was either unknown or the genotype-phenotype correlation had not been reported in the literature. Severe mutations universally associated with a severe clinical phenotype and early cognitive decline were present in 8 patients; mutations associated with attenuated disease were present in 4 patients. CSF spermine levels were significantly greater in the patients with severe mutations, with 6/8 (75%) exceeding the 98 th percentile of normal, whereas 0/4 patients in the mild mutation cohort met this cutoff (Fig. 3B) . MPS I patients classified clinically as having the severe (Hurler) phenotype, which is associated with early developmental delay, had significantly higher CSF spermine levels than patients with the mild (Scheie) form of the disease, in which intellect is preserved (Fig. 3C) . Patients with an intermediate Hurler-Scheie phenotype had CSF spermine levels between those of the Hurler and Scheie cohorts. Spermine levels generally appeared to exhibit an inverse correlation with age (Supplementary Material, Fig. S3 ), though this was likely attributable to ascertainment bias, as all patients greater than 10 years of age for whom samples were available had a diagnosis of Hurler-Scheie or Scheie syndrome. Intravenous enzyme replacement therapy did not impact CSF spermine levels, consistent with the lack of CNS penetration of the enzyme (Supplementary Material, Fig. S4 ). Hematopoietic stem cell transplantation is currently the only modality capable of attenuating cognitive decline in MPS I patients. One patient, homozygous for a severe IDUA mutation, had normal CSF spermine after receiving HSCT (Fig. 3B ). Samples from before and after HSCT were available from two MPS I patients with the severe (Hurler) phenotype. Both patients initially had elevated CSF spermine, which declined to the normal range after transplant (Fig. 3E ).
Elevated CSF spermine in other neuropathic forms of MPS
Spermine was measured in CSF samples from patients with additional MPS subtypes affecting heparan sulfate metabolism (MPS types II, IIIA, and IIIB) as well as patients with MPS types IVA and VI, which are caused by defects in the metabolism of keratan and dermatan sulfate and do not cause neurocognitive symptoms (22, 23) . MPS IVA and MPS VI patients had normal CSF spermine levels (Fig. 3A) . In contrast, there was marked elevation of CSF spermine in MPS types affecting heparan sulfate catabolism. CSF spermine was significantly greater than normal in samples from MPS II and IIIB patients. Only a single MPS IIIA sample was available, precluding statistical analysis, although this sample fell above the 98 th percentile of normal controls.
CSF spermine was elevated in MPS II patients classified clinically as having severe or mild disease, though there was no correlation between CSF spermine and disease severity (Fig. 3D) .
No CSF samples were available from patients with MPS VII, another disorder of heparan sulfate metabolism, though samples from a canine model of MPS VII revealed a marked spermine elevation (Supplementary Material, Fig. S5 ). These results demonstrate an association between disorders of heparan sulfate metabolism and CSF spermine elevation.
Role of spermine in abnormal neurite growth associated with MPS
It appeared noteworthy that the MPS subtypes affecting heparan sulfate metabolism (MPS I, II, IIIA, IIIB, VII) selectively lead to spermine elevation and are uniquely associated with cognitive dysfunction. Spermine has previously been implicated in neuron growth and development, suggesting that spermine dysregulation could play a direct role in cognitive decline (24) (25) (26) . Upregulation of polyamine synthesis has been shown to promote neurite outgrowth (24) (25) (26) (27) , and neurons from a mouse model of MPS IIIB have been shown to exhibit aberrant overgrowth of neurites, potentially leading to defects in neural development and plasticity (28, 29) . Therefore, we evaluated the role of spermine in the abnormal neurite overgrowth phenotype that has been described in MPS neurons (28) . Similar to observations of MPS IIIB neurons, cultured cortical neurons from MPS I mice exhibited greater neurite number, branching, and total arbor length than neurons derived from wild type mice ( Fig. 4A and B). Treatment of MPS neurons with APCHA, an inhibitor of spermine synthesis, significantly reduced neurite growth and branching. The effect was reversible by replacing spermine ( Fig.  4A and B) . The same APCHA concentration did not affect the growth of normal neurons (Supplementary Material, Fig. S6 ). Addition of spermine to wild type neuron cultures at concentrations similar to those identified in vivo resulted in significant increases in neurite growth and branching ( Fig. 4A and C) . Growth associated protein 43 (GAP43), a central regulator of neurite growth, is overexpressed by MPS IIIB mouse neurons both in vitro and in vivo, suggesting that the same neurite growth pathway aberrantly activated in neuron cultures is also active in vivo (28) (29) (30) . GAP43 was measured by Western blot in samples of frontal cortex from MPS I dogs ( Fig. 4D and E) . GAP43 was upregulated in the cortex of MPS I dogs, and expression was normalized in all gene therapy treated animals.
Discussion
In this study, we set out to identify biomarkers of CNS disease in MPS I using an unbiased metabolite screening approach. The screen revealed substantial disease-related alterations in the CSF metabolome, including a 30-fold elevation in spermine levels compared to normal controls. Spermine appears to be a strong biomarker of CNS disease; it is elevated in the canine and age. Two of the animals were pretreated at birth with an IV injection of AAV8 expressing canine IDUA from a liver specific promoter in order to induce tolerance to feline models of MPS I, and correction of brain lesions by gene therapy directly correlated with reductions in CSF spermine in both models. In MPS I patients, spermine was selectively elevated in those with mutations that cause neurological disease, and was reduced to normal levels by HSCT, a therapy that attenuates cognitive decline (5, 6, 11) . Spermine is also elevated in MPS subtypes associated with neurocognitive manifestations (MPS I, II, IIIA, IIIB), but not those associated only with somatic disease (MPS IVA, VI). Together these findings suggest that spermine correlates with neurological disease in MPS patients, which may make spermine a valuable biomarker for assessing novel therapies designed to treat the CNS lesions associated with neuropathic subtypes of MPS.
Despite the strong correlation between CSF spermine and neuropathic forms of MPS, this pattern did not hold for all patients. Patients with Hurler syndrome, in which neurological disease is universal, exhibited the highest CSF spermine levels of the MPS I patients, but two Hurler patients had CSF spermine levels below the 98 th percentile of normal controls. The MPS II patients included in this study had significantly elevated CSF spermine relative to controls, but this elevation was less marked than in MPS I patients and did not correlate with disease severity. It is difficult to interpret the significance of these exceptions in this small study. Subsequent studies with larger cohorts will be needed to fully elucidate the relationship between CSF spermine and central nervous system disease across MPS subtypes, and to evaluate additional factors impacting CSF spermine levels and the variability of CSF spermine measurements for each subject over time. Intriguingly, spermine has been measured in vivo using magnetic resonance spectroscopy, raising the possibility of noninvasively evaluating spermine levels in the CNS of MPS patients, which could facilitate larger studies (31) . A CSF biomarker of neurological disease in MPS would have immediate utility for verifying biological activity in first-inhuman trials, but may also have an important role in later stage drug development and regulatory approval. For diseases like MPS I, in which there is a small patient population with heterogeneous phenotypes and insufficient natural history data to define rigorous neurocognitive endpoints, the use of wellvalidated biomarker endpoints can reduce the size, complexity, and duration of clinical trials. To serve as a validated surrogate endpoint, the biomarker must have a clear connection to the pathophysiology of the disease as well as a strong correlation with clinical outcomes. For example, deferiprone was approved by the FDA for iron overload in children with thalassemia based on a reduction in serum ferritin, a biomarker that both mechanistically demonstrates a reduction in iron storage and is predictive of end organ damage (32) . Additional studies should evaluate the correlation between CSF spermine normalization and clinical outcomes in patients who have received HSCT. Our preliminary findings indicate that successful HSCT normalizes CSF spermine in patients with MPS IH; if spermine normalization predicts positive cognitive outcomes in a larger cohort, it may be possible to validate this biomarker as a surrogate endpoint, which could significantly facilitate the development of new therapies for the neurocognitive manifestations of MPS.
Beyond its potential as a biomarker, the finding of elevated CSF spermine provides insight into the pathophysiology of MPS. It is perhaps not surprising that spermine is selectively elevated in MPS types associated with defects in heparan sulfate metabolism, given that cellular uptake of spermine is dependent on interactions with heparan sulfate proteoglycans (14, 16, 17) . Cell surface proteoglycans, such as glypican-1, bind spermine through their heparan sulfate moieties, and after endocytosis of the glypican, intracellular cleavage of the heparan chain releases bound spermine into the cell (14, 15) . Thus, intact heparan sulfate recycling is likely essential for spermine uptake. In MPS, extracellular spermine accumulation could occur through inhibition of this uptake mechanism due to inefficient recycling of the glypican receptor to the Golgi, or abnormal glycosylation resulting from the inability to break down and recycle the component sugars from the lysosome (Fig. 5) . Consistent with this model, other ligands for cell surface heparan sulfate proteoglycans, such as fibroblast growth factor, have markedly reduced binding to cells from MPS I patients (33) .
It is striking that the MPS subtypes affecting heparan sulfate metabolism (MPS I, II, IIIA, IIIB, and VII), which selectively exhibit spermine accumulation, are also those that manifest with neurocognitive symptoms. A mechanistic link between abnormal heparan sulfate metabolism and cognitive impairment has not yet been established. One explanation for the neurocognitive phenotype of the heparan sulfate storage disorders comes from evidence suggesting that heparan sulfate accumulation leads to abnormal neurite development and overexpression of GAP43, a key protein involved in neurite outgrowth. Murine models of MPS IIIB show regional overexpression of GAP43 in the brain, and cultured neurons from MPS IIIB mice likewise overexpress GAP43 and elaborate longer neurites with more complex branching patterns than normal neurons (28) (29) (30) . These findings indicate a defect in signaling pathways involved in neuron growth and plasticity, which could explain the development of cognitive dysfunction in MPS patients in the absence of overt neurodegeneration (28, 29) .
Spermine has been demonstrated to play a role in neurite outgrowth. Following axon injury, there is an upregulation of the ratelimiting enzymes for the synthesis of spermine and its precursors, putrescine and spermidine. This increased polyamine synthesis promotes neurite outgrowth even in the presence of inhibitory signals from myelin (24) (25) (26) (27) . Further, treatment of neurons with putrescine induces neurite growth when injected directly into CSF, an effect that is blocked by inhibitors of spermine synthesis (25) . We found that inhibitors of spermine synthesis blocked excess neurite growth in MPS neurons, and that neurite growth could be induced in WT neurons by spermine concentrations similar to those found in patient CSF. Gene therapy in the dog model of MPS I reversed spermine accumulation and normalized expression of GAP43, suggesting that the same pathway was impacted in vivo. The potential for impaired heparan sulfate metabolism to trigger the accumulation of a metabolite that alters neuron growth could point to a novel connection between enzyme deficiencies and abnormal neurite growth in MPS neurons, which may explain the neurocognitive phenotype of these disorders. A mechanistic link between spermine accumulation and cognitive outcomes would make this a particularly important biomarker for assessment of novel therapies.
Materials and Methods
Patient samples
CSF collection from MPS patients was performed under protocols approved by the Institutional Review Boards of the University of Minnesota (USA) and Hospital de Cl ınicas de Porto Alegre (Brazil). Samples were collected by lumbar puncture and stored at -80 C. Samples were de-identified and analyzed in a blinded fashion. Pediatric control CSF samples were obtained from Discovery Life Sciences (Los Osos, CA, USA). As clinical data were not available for these samples, qPCR-based measurement of total DNA was used to identify samples with increased cellularity, which may impact metabolite analysis. Sybr Green PCR was performed using primers targeting the genomic GAPDH sequence. Samples with greater than 10x the assay limit of quantification (8/29 samples) were excluded from subsequent analyses. The mean 6 SD age for each patient cohort was: MPS I (8 6 9 years), MPS II (10 6 8 years), MPS IIIA (8 years), MPS IIIB (8 6 5 years), MPS IVA (17 6 12 years), MPS VI (16 6 1 years), Control (10 6 6 years). For MPS I patients, IDUA mutations classified as severe were W402X, Q70X, and G208D; mutations associated with attenuated CNS disease were R89Q, P533R, and R383H (21).
CSF metabolite profiling
CSF metabolite profiling was performed by Metabolon (Morrisville, NC, USA). Samples were stored at -80 C until processing. Samples were prepared using the MicroLab STARV R system (Hamilton Company, Reno, NV, USA). A recovery standard was added prior to the first step in the extraction process for QC purposes. Proteins were precipitated with methanol under vigorous shaking for 2 min followed by centrifugation. The resulting extract was divided into five fractions: one for analysis by reverse phase (RP)UPLC-MS/MS with positive ion mode electrospray ionization, one for analysis by RP/UPLC-MS/MS with negative ion mode electrospray ionization, one for analysis by hydrophilic interaction chromatography (HILIC)/UPLC-MS/MS with negative ion mode electrospray ionization, one for analysis by GC-MS, and one sample was reserved for backup. Samples were placed briefly on a TurboVapV R (Zymark [now Sotax], Aesch, Switzerland) to remove the organic solvent. For LC, the samples were stored overnight under nitrogen before preparation for analysis. For GC, each sample was dried under vacuum overnight before preparation for analysis. The LC/MS portion of the platform was based on an ACQUITY ultra-performance liquid chromatography (UPLC) system (Waters Corporation, Milford, MA, USA) and a Q-Exactive high resolution/accurate mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolution (Thermo Fisher Scientific, Waltham, MA, USA). The sample extract was dried then reconstituted in solvents compatible to each of the LC/MS methods. Each reconstitution solvent contained a series of standards at fixed concentrations to ensure injection and chromatographic consistency. For RP chromatography, one aliquot was analyzed using acidic positive ion optimized conditions and the other using basic negative ion optimized conditions. Each method utilized separate dedicated columns (Waters UPLC BEH C18-2.1 Â 100 mm, 1.7 mm). The extracts reconstituted in acidic conditions were gradient eluted using water and methanol containing 0.1% formic acid. The basic extracts were similarly eluted using methanol and water, however, with 6.5 mM ammonium bicarbonate. The third aliquot was analyzed via negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 2.1 Â 150 mm, 1.7 mm) using a gradient consisting of water and acetonitrile with Figure 5 . Model of heparan sulfate-dependent spermine uptake. Spermine has been shown to bind to heparan sulfate chains of glypican-1, and spermine uptake can be blocked by both anti-heparan antibodies and enzymatic removal of cell surface heparan sulfate (14) (15) (16) (17) . After endocytosis of the proteoglycan-spermine complex, the heparan sulfate chain is cleaved from glypican-1, freeing bound spermine (15) . The glypican protein core is recycled through the Golgi, where new heparan sulfate chains are added (14, 15, 39, 40) . In cells of MPS types associated with impaired heparan sulfate metabolism (MPS I, II, III, VII), there is intracellular accumulation of heparan fragments and heparan-containing proteoglycans, decreased endosomal and Golgi transport, and defects in the surface expression of heparan-modified receptors (33, 41, 42) . Decreased surface presentation and recycling of the receptor in MPS cells may lead to impaired spermine uptake and aberrant accumulation in the extracellular fluid.
10 mM ammonium formate. The MS analysis alternated between MS and data-dependent MS n scans using dynamic exclusion. The scan range varied slightly between methods but covered 80-1000 m/z. The samples destined for analysis by GC-MS were dried under vacuum for a minimum of 18 h prior to being derivatized under dried nitrogen using bistrimethylsilyltrifluoroacetamide. Derivatized samples were separated on a 5% diphenyl/95% dimethyl polysiloxane fused silica column (20 m Â 0.18 mm ID; 0.18 um film thickness) with helium as carrier gas and a temperature ramp from 60 to 340 C in a 17.5 min period. Samples were analyzed on a Finnigan Trace DSQ fastscanning single-quadrupole mass spectrometer (Thermo Fisher Scientific) using electron impact ionization (EI) and operated at unit mass resolving power. The scan range was from 50-750 m/ z. Several types of controls were analyzed in concert with the experimental samples: a pooled matrix sample generated by taking a small volume of each experimental sample served as a technical replicate throughout the data set; extracted water samples served as process blanks; and a cocktail of QC standards that were carefully chosen not to interfere with the measurement of endogenous compounds were spiked into every analyzed sample, which allowed instrument performance monitoring and aided chromatographic alignment. Instrument variability was determined by calculating the median relative standard deviation (RSD) for the standards that were added to each sample prior to injection into the mass spectrometers. Overall process variability was determined by calculating the median RSD for all endogenous metabolites (i.e., noninstrument standards) present in 100% of the pooled matrix samples. Experimental samples were randomized across the platform run, with QC samples spaced evenly among the injections.
Metabolites were identified by automated comparison of the ion features in the experimental samples to a reference library of chemical standard entries that included retention time, molecular weight (m/z), preferred adducts, and in-source fragments as well as associated MS spectra, and curated by visual inspection for quality control using software developed at Metabolon. Identification of known chemical entities was based on comparison to metabolomic library entries of purified standards. Peaks were quantified using area-under-the-curve measurements. Raw area counts for each metabolite in each sample were normalized to correct for variation resulting from instrument inter-day tuning differences by the median value for each run-day, therefore, setting the medians to 1.0 for each run. This preserved variation between samples but allowed metabolites of widely different raw peak areas to be compared on a similar graphical scale. Missing values were imputed with the observed minimum after normalization.
Quantitative MS assay
Quantitative measurements of CSF spermine were performed at the Translational Biomarker Core at the University of Pennsylvania or by Metabolon. For samples processed at the Translational Biomarker Core: CSF samples (50 ml) were mixed with a spermine-d 8 internal standard (IsoSciences, King of Prussia, PA, USA). Samples were deproteinized by mixing with a 4-fold excess of methanol and centrifuging at 12,000 Â g at 4 C.
The supernatant was dried under a stream of nitrogen, and then resuspended in 50 ml of water. 8 ) and subjected to protein precipitation. Following centrifugation, the supernatant was evaporated and reconstituted. An aliquot was injected onto an Agilent (Santa Clara, CA, USA) 1290/AB Sciex QTrap 5500 mass spectrometer LC-MS/MS system equipped with a Waters Acquity BEH C18 column. The peak area of the 203 -> 112 spermine production was measured against the peak area of the respective 211 -> 120 spermine-d 8 internal standard production. Quantitation was performed using a weighted (1/x) linear least squares regression analysis generated from fortified calibration standards prepared immediately prior to each run. The lower limit of quantification was 0.06 ng/ml. Precision and accuracy of the LLOQ was verified by analyzing six samples at the lowest standard concentration in each of the three validation runs.
Animal procedures
All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. For CSF metabolite screening, samples were collected by suboccipital puncture in normal dogs at 3-26 months of age, and in MPS I dogs at 1-18 months of age. Gene transfer studies in MPS I dogs and cats were performed as previously described (19, 34) . CSF samples were collected 6-8 months after vector administration. For mouse cortical neuron experiments, primary cortical neuron cultures were prepared from E18 IDUA -/-or IDUA þ/þ embryos.
GAP43 Western
Samples of dog frontal cortex were homogenized in 0.2% triton X-100 using a Qiagen (Hilden, Germany) Tissuelyser at 30 Hz for 5 min. Samples were clarified by centrifugation at 4 C. Protein concentration was determined in supernatants by BCA assay. Samples were incubated in NuPAGE LDS buffer with DTT (Thermo Fisher Scientific) at 70 C for 1 h and separated on a BisTris 4-12% polyacrylamide gel in MOPS buffer. Protein was transferred to a PVDF membrane and blocked for 1 h in 5% nonfat dry milk. The membrane was probed with rabbit polyclonal anti-GAP43 antibody (Abcam, Cambridge, UK) diluted to 1 mg/ml in 5% nonfat dry milk followed by an HRP conjugated polyclonal anti-rabbit antibody (Thermo Fisher Scientific) diluted 1:10,000 in 5% nonfat dry milk. Bands were detected using SuperSignal West Pico substrate (Thermo Fisher Scientific). Densitometry was performed using Image Lab 5.1 (Bio-Rad Laboratories, Hercules, CA, USA).
Neurite growth assay
Day 18 embryonic cortical neurons were harvested as described above, and plated at a concentration of 100,000 cells/ml on chamber slides (Sigma-Aldrich, St. Louis, MO, USA; S6815) or poly-Llysine (Sigma-Aldrich) coated tissue culture plates in serum-free Gibco Neurobasal medium (Thermo Fisher Scientific) supplemented by Gibco B27 (Thermo Fisher Scientific). Treatments were applied to duplicate wells 24 h after plating (day 1). Phasecontrast images for quantification were taken on a Nikon Eclipse Ti at 20X using a 600 ms manual exposure and 1.70x gain on high contrast. An individual blind to treatment conditions captured 10-20 images per well and coded them. Images were converted to 8-bit format in ImageJ (34) and traced in NeuronJ (35) by a blinded reviewer. Soma diameter, neurite number, branch points, and arbor length were traced manually. Images traced in NeuronJ were converted to micrometers using a conversion factor based on image size: 2560 x 1920 pixel images were converted to micrometers using a conversion factor of 0.17 micrometers/pixel.
Histology
Brain tissue processing and LIMP2, filipin, and GM3 staining were performed as previously described (18) .
RT-PCR
Samples of frontal cortex from 3 normal dogs and 5 MPS dogs were immediately frozen on dry ice at necropsy. RNA was extracted with TRIzol reagent (Thermo Fisher Scientific), treated with DNAse I (Roche, Basel, Switzerland) for 20 min at room temperature, and purified using an RNeasy kit (Qiagen) according to the manufacturer's instructions. Purified RNA (500 ng) was reverse transcribed using the High Capacity cDNA Synthesis Kit (Applied Biosystems, Foster City, CA, USA) with random hexamer primers. Transcripts for arginase, ornithine decarboxylase, spermine synthase, spermidine synthase, spermine-spermidine acetyltransferase, and glyceraldehyde phosphate dehydrogenase were quantified by Sybr green PCR using an Applied Biosystems 7500 Real-Time PCR System. A standard curve was generated for each target gene using 4-fold dilutions of a pooled standard comprised of all individual samples. The highest standard was assigned an arbitrary transcript number, and Ct values for individual samples were converted to transcript numbers based on the standard curve. Values are expressed relative to the GAPDH control.
Statistics
The random forest analysis and heat map generation were performed using MetaboAnalyst 3.0 (36) (37) (38) . Raw peak data were normalized to the mean of normal sample values and log transformed. All other statistical analyses were performed with GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA).
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